Carrier localization and in-situ annealing effect on quaternary Ga1−xInxAsySb1−y/GaAs quantum wells grown by Sb pre-deposition Appl. Phys. Lett. 102, 113101 (2013) High quality GaInAsSb/AlGaAsSb quantum wells (QWs) have been grown by molecular beam epitaxy using proper interface treatments. By controlling the group-V elements at interfaces, we obtained excellent optical quality QWs, which were free from undesired localized trap states, which may otherwise severely affect the exciton recombination. Strong and highly efficient exciton emissions up to room temperature with a wavelength of 2.2 lm were observed. A comprehensive investigation on the QW quality was carried out using temperature dependent and power dependent photoluminescence (PL) measurements. The PL emission intensity remains nearly constant at low temperatures and is free from the PL quenching from the defect induced localized states. The temperature dependent emission energy had a bulk-like behavior, indicating high quality well/barrier interfaces. Because of the uniformity of the QWs and smooth interfaces, the low temperature limit of inhomogeneous line width broadening is as small as 5 meV. V C 2014 AIP Publishing LLC.
I. INTRODUCTION
Mid-infrared optoelectronic devices are of great interests due to their extensive applications in environmental monitoring, atmospheric gases sensing, medical diagnostics, and free space communications. Sb-based materials are commonly used in the mid-infrared light sources. To date, MBE grown GaInAsSb/AlGaAsSb quantum well (QW) systems, in particular, have demonstrated excellent lasing performances in the 2-3 lm range. [1] [2] [3] With the use of quinternary AlGaInAsSb barrier materials, the emission wavelength can even be extended to above 3 lm. 4, 5 Obviously, good material quality leads to good optical properties. But in such complex structures with so many constituent elements, some undesirable factors such as interface roughness, well width fluctuation, and random alloy disorder are hard to avoid under non-optimal growth condition. For example, the QW interface defects can trap carriers and influence their transport and recombination processes. This phenomenon, which is most apparent in cryogenic temperatures, can severely degrade the device performance. [6] [7] [8] [9] [10] The optical properties of GaInAsSb/AlInAsSb QWs have been studied by several groups. Rain o et al. 9 studied the QWs using temperature dependent PL and obtained an energy level value of 8 meV, which they attributed to the binding energy of excitons bound to the localized defect states. The observed PL intensity degradation as temperature rises (PL quenching) at low temperatures was then attributed to the delocalization of carriers from the defect states. Similar results were also observed by Shen et al. 8 They compared the temperature dependence of the emission and absorption spectra and found a relatively large stokes shift of $8 meV at 4 K and nearly none (<2 meV) at high temperatures. All these results indicate the existence of localized states in the QWs, and they play an important role in the optical property of these QWs.
Advance growth techniques for improving the QW/barrier interfaces have been widely studied. [11] [12] [13] [14] [15] Interface treatments included strain control in the layers, growth interruption and shutter sequencing at the interfaces between the wells and barriers. The significant improvement in material quality, [11] [12] [13] lasing threshold current density, 14 as well as characteristic temperature 15 for GaInAsSb QW lasers has been demonstrated.
In this work, the GaInAsSb/AlGaAsSb double QWs were grown on (001) GaSb substrates by MBE with our recently developed novel growth technique. The optical properties of this quaternary material system were studied in detail using power and temperature dependent PL measurements. We found that, with our growth technique, the defect induced exciton localization problem is nearly absent in our samples. The PL quenching at low temperatures no longer exists. Both the PL intensity and the line width were improved significantly.
II. SAMPLES AND EXPERIMENTS
The samples investigated were grown on (001) n-type GaSb substrates by a Veeco GEN II MBE system. As 2 and Sb 2 , the group-V sources, were supplied by the valved cracker cells. After desorption of native oxide, a 200 nm thick GaSb was grown first to smooth the surface. We then grew the double QWs, which consisted of two 10 nm thick compressively strained Ga 0.65 In 0.35 As 0. 13 the top surface. The growth rates for barrier and QW were set to 0.72 lm/h and 0.77 lm/h, respectively. The growth temperature was measured by the infrared pyrometer, calibrated to the GaSb oxide desorption temperature of 510 C under Sb 2 environment. The growth temperature for the GaSb and bottom AlGaAsSb layers was 500 C. The temperature was lowered to 450 C for the QWs. After that, the temperature was raised to 480 C for the remaining layers. The relatively lower growth temperature for the top AlGaAsSb layer was to avoid the atomic inter-diffusion between the QWs and the barrier layers.
In order to improve the QW quality, we used a special growth and shutter control sequence, which is shown in Fig. 1 . In MBE growth, a growth interruption procedure is commonly used at the QW/barrier interfaces 11, 12 to obtain an abrupt layer transition. However, because the Sb aggregation and the exchange interaction between Sb 2 and As 2 16 may occur simultaneously during growth, disorder formation can easily happen. This material degradation has been confirmed by the high resolution x-ray diffraction (HRXRD) analysis reported by Li et al. 13 In our method, we performed the growth interruption earlier when the growth temperature was lowered. During this period of time, Sb 2 flux was kept as low as possible. We then did a few seconds Sb 2 and As 2 soak (the arrow head in Fig. 1 ) prior to the active region growth. We found that this procedure enhanced the QW optical properties significantly. When growth interruption was finished, we first grew a 10 nm barrier layer, which was following immediately by the QW growth without any pause.
To examine the material compositions and crystalline quality, we performed HRXRD measurement for our samples. For optical property analysis, PL measurements with the conventional lock-in method were carried out over the temperature range of 15 K to 300 K. An Ar-ion laser operated at 514.5 nm or a He-Ne laser at 632.8 nm was used as the excitation source; the luminescence was analyzed by a 0.55 m spectrometer and detected by a thermoelectrically cooled InGaAsSb photodetector.
III. DISCUSSIONS
The x-2h HRXRD spectrum in the (004) crystal plane of our sample together with the simulated result are showed in Fig. 2 . The spectrum reveals well separated satellite peaks of the double QWs structure and clearly resolved Pendell€ osung fringes on both sides of the GaSb main peak, which indicates the good structural quality. Moreover, an interference modulation pattern around the GaSb peak, which is attributed to the slightly tensile strained Al 0.3 Ga 0.7 As y Sb 1Ày (y $ 0.07) barriers neighboring to GaInAsSb QWs, is observed. As shown in Fig. 1 , a constant As 2 flux was used throughout the growth of the active region. The slight tensile strain in the barriers due to the relative higher As incorporation served to compensate the compressive strain in the QWs. The simulated XRD spectrum based on the growth parameters is in good agreement with the measured result.
As we mentioned earlier, a few seconds of Sb 2 þ As 2 soak prior to the active region growth can greatly enhance the QW optical properties. For comparison, we have grown two additional samples, besides the one mentioned above, with different growth conditions. Sample A is our standard sample with the growth procedure described above and in Fig. 1 . Sample B was grown without the step of the Sb 2 þ As 2 soak, and sample C had the Sb 2 þ As 2 soak but used lattice matched barriers. The growth parameters are summarized in Table I . Fig. 3 shows the PL spectra of these three samples at temperatures of 15 K and 300 K. All samples exhibit similar emission wavelength around 2.2 lm at room temperature. Comparing these three spectra, we can see clearly, the PL intensities of the samples with Sb 2 þ As 2 soak (A and C) are about one order of magnitude higher than that of the sample without Sb 2 þ As 2 soak. The full width at half maximum (FWHM) is also narrower for the samples with Sb 2 þ As 2 soak (see in Table I ). It is known, the Sb 2 soak during the interruption step may lead to unintentional Sb aggregation at the interface. But the presence of As 2 during the soaking period would consume the undesirable Sb aggregation by the efficient exchange interaction between Sb and As. This effectively clear up the interface without accumulated Sb. However, we have to be very careful about the soaking time because excessive soaking can cause too much exchange interaction and that can degrade the interface too. Additionally, comparing sample A with sample C, we can see that with additional tensile strain in the barrier layer, the PL intensity can stay strong even at room temperature. The reduction of PL quenching at high temperatures is probably caused by the increase of the valence band offset in the structure due to more As content in the tensile strained barrier layers. Fig. 4(a) shows the temperature dependence of the PL spectrum of sample A under low excitation level (5 W/cm 2 ). The peak emission energy versus temperature is plotted in Fig. 4(b) . Using the Varshni relationship and the fitted parameters in the high temperature region, we calculated the bandgap energy as a function of temperature. 17 The calculated curve is also shown in Fig. 4(b) . Nearly, a perfect fit was obtained. Contrast to similar material systems reported before, 8, 9 a very small deviation (from the ideal Varshni relationship) of 1.6 meV at 15 K was obtained. It indicates the excitonic localization effect caused by imperfect QW structures is very minimal in our samples. To have a better examination of the material quality, we have also studied the PL line shape. It is well known that the spectrum in a high quality QW exhibits a Lorentzian distribution function due to finite lifetime of the carrier recombination. 18 However, the imperfection in the QWs would lead to the spectral inhomogeneous broadening, especially at cryogenic temperatures. The line shape of the low temperature PL was fitted by the following expression:
where E g is the bandgap energy, h is the photo energy, and r is the fitting parameter for the inhomogeneous broadening.
The fitted curve along with the measured spectrum at 15 K is shown in the inset of Fig. 4(a) . The fitted value of r was only 2.4 meV. Such narrow line width indicates that the QWs had excellent material quality, very smooth well/barrier interfaces and were free of localized exciton states. As the temperature rises, the emission intensity drops. In our sample, the integrated intensity drops less than seven times from 15 K to 300 K. This indicates that the QWs are very efficient emitters even at room temperature. We have fitted the integrated emission intensity as a function of excitation power using the well known equation, 19 I PL ¼ gI a ex , where g is the PL efficiency and a is in the range of 1-2 depending on the radiative recombination mechanisms. Table I . excitation power density at 20 K and 300 K along with the fitted curve. From the linear plot shown in Fig. 5(a) , we can see that the a value is very close to one. If we assume that g equals one at 20 K, the calculated g at room temperature is 0.24. It shows again that the PL efficiency remains high even at high temperatures. Examining carefully the log-log plot shown in Fig. 5(b) , we obtain a values of 1.07 and 1.18 at 20 K and 300 K, respectively. It is known that a ¼ 1 indicates excitonic recombination while a ¼ 2 indicates free electron-hole pair recombination. The fact that the a values are close to one in our samples both at low temperatures and room temperature shows the recombination mechanism in our QWs is dominated by the more efficient exciton recombination. In the measurement range, that we have used (up to 300 K and 200 W/cm 2 ), the fact that a $ 1 also indicates that Auger recombination is probably not important because it would result in a sublinear behavior in the integrated PL intensity versus excitation power relationship.
To gain a further understanding on the PL quenching mechanism at high temperatures, we plot the PL integrated intensity versus inverse temperature of sample A in Fig.  6(a) . The intensity stays nearly constant at low temperatures up until 75 K. It then drops down as the temperature goes further up. A single thermal activated process is observed with an activation energy of 56 meV. This is quite different from previous reports on similar material systems, where two different activation processes were observed. 8, 9 One was the delocalization of the bound excitons from the defect states in the QWs (which has an activation energy around 10 meV), and the other was the over the barrier excitation after the carriers were delocalized. In other words, in those samples the radiative radiation at low temperatures is dominated by the recombination of bounded excitons which are trapped in the QW defect states with a binding energy $10 meV. As the temperature is increased, the excitons are ionized and the PL intensity drops because the carriers escape from the QWs and that has a higher activation energy. But in our sample, the 10 meV delocalization process was absent. It again shows our sample is free from those defect states that cause exciton localization and that is why the integrated intensity of our sample could stay constant at low temperatures. The observed activation energy of 56 meV for our sample at high temperatures is caused by the escape of holes from the QWs. Based on our calculation, this energy corresponds to the energy difference between the second heavy hole sub-band in the QW and the valence band edge in the barriers. [20] [21] [22] So the major quenching mechanism in our sample is attributed to bounded holes thermalizing from QWs to surrounding barriers.
We have also compared the PL quenching behaviors between three samples described earlier. Samples A and C had the short Sb 2 þ As 2 soaking step at the interfaces, while sample B did not. The integrated intensity versus temperature plot is shown in Fig. 6(b) . A very clear difference in the PL quenching behavior is observed between samples A-C. The PL intensity of sample B starts to drop quickly even at low temperatures, but those of samples A and C do not. So, the Sb 2 þ As 2 soaking step plays a crucial role in the PL intensity quenching. This step effectively removes the defect states at the QW/barrier interfaces and reduces the PL quenching. We also observe an improvement in the PL integrated intensity in the strain compensated sample (A) in all temperatures. Fig. 7(a) shows the PL spectra of sample A from 15 K to 300 K in linear scale and in log scale (inset). The FWHM of the spectrum increases as temperature rises as shown in Fig. 7(b) . At low temperature limit, the inhomogeneous broadening gives a limiting value around 5 meV, which is smaller than what were reported previously in similar material systems. The mechanisms for the line width broadening of PL spectrum have been widely studied. [23] [24] [25] [26] Theoretically, there are several mechanisms that can contribute to the line width broadening. The temperature dependence of these mechanisms can be described as
where C LO (T) is due to the LO phonon scattering, C a (T) is due to the acoustic phonon scattering, and C im (T) is the contribution from the ionized impurity scattering. The inhomogeneous broadening due to structural imperfection and other impurities gives the non-zero line width, C(0) at T ¼ 0 K. In Fig. 7(b) , we also show the fitted curve using the expression shown above. The LO phonon energy hx LO was assumed to be 29 meV, which was calculated by linear interpolation using the values of the constituent binary compounds. 8 Only the ionized impurity scattering and the optical scattering terms were considered in the fitting, and the curve fits the experimental result reasonably well. The fitting parameters show C(0) ¼ 5.9 meV, E im ¼ 5.3 meV, C im ¼ 12 meV, and C LO ¼ 18 meV.
IV. CONCLUSIONS
In summary, we have developed a method for the growth of high quality GaInAsSb/AlGaAsSb QWs. Utilizing the nature of the anion (As and Sb) exchange, we were able to control the well/barrier interfaces using a proper shutter control sequence. The resulting QWs had excellent optical quality and were free from undesired localized trap states, which may otherwise severely affect the exciton recombination. Strong and highly efficient exciton emissions up to room temperature with a wavelength of 2.2 lm were observed. The temperature and power dependent PL measurements were used to characterize the QW properties in detail. The QWs exhibit a bulk-like temperature dependence of the bandgap energy (from PL emission peak). The integrated PL intensity remains nearly constant in the low temperature region. These all indicate that the excitons are not influenced by localized states caused by interface roughness and other material defects. The PL quenching mechanism at high temperatures was found to be caused by the escape of holes from the QW heavy-hole subband to the barriers. The spectral line width of the PL emission has a very small low temperature inhomogeneous broadening limit of only $5 meV, indicating excellent QW uniformity and interface smoothness. 
